Hypertrophic cardiomyopathy is a common cause of mortality in congenital heart disease (CHD). Many gene abnormalities are associated with cardiac hypertrophy, but their function in cardiac development is not well understood. Loss-of-function mutations in PTPN11, which encodes the protein tyrosine phosphatase (PTP) SHP2, are implicated in CHD and cause Noonan syndrome with multiple lentigines (NSML), a condition that often presents with cardiac hypertrophic defects. Here, we found that NSML-associated hypertrophy stems from aberrant signaling mechanisms originating in developing endocardium. Trabeculation and valvular hyperplasia were diminished in hearts of embryonic mice expressing a human NSML-associated variant of SHP2, and these defects were recapitulated in mice expressing NSML-associated SHP2 specifically in endothelial, but not myocardial or neural crest, cells. In contrast, mice with myocardial-but not endothelial-specific NSML SHP2 expression developed ventricular septal defects, suggesting that NSML-associated mutations have both cell-autonomous and nonautonomous functions in cardiac development. However, only endothelial-specific expression of NSML-associated SHP2 induced adult-onset cardiac hypertrophy. Further, embryos expressing the NSML-associated SHP2 mutation exhibited aberrant AKT activity and decreased downstream forkhead box P1 (FOXP1)/FGF and NOTCH1/EPHB2 signaling, indicating that SHP2 is required for regulating reciprocal crosstalk between developing endocardium and myocardium. Together, our data provide functional and disease-based evidence that aberrant SHP2 signaling during cardiac development leads to CHD and adult-onset heart hypertrophy.
Introduction
With a prevalence of approximately 1:100 children and over 500,000 adult cases reported in the United States alone, congenital heart disease (CHD) remains the most common birth defect worldwide and the major cause of birth defect-related deaths (1) . Hypertrophic cardiomyopathy (HCM), which affects the cardiac muscle wall, is a common cause of mortality and morbidity in CHD patients (2) . Although initially a compensatory response to increased cardiac stress, over time, HCM leads to dilation and heart failure. Gene abnormalities that affect hypertrophic signaling molecules have been identified, but their mechanistic roles in the developing heart that lead to this phenotype remain poorly understood.
Cardiac development consists of a concordant and sequential series of morphogenic events. Briefly, following formation of the primitive heart tube, the heart undergoes elongation and looping and initiates a series of proliferation, migration, and differentiation events that lead to the formation of a fully functional heart containing 4 chambers separated by valves and septa and connected to the extracardiac circulation via inflow and outflow tracts (OFT) (3) . Importantly, these developmental events are controlled by intercellular communications mediated by multiple cardiac cell lineages, including endothelium, myocardium, and neural crest. Specifically, cell-cell communication occurs between cardiac mesoderm progenitors, neural crest-derived cells, and pharyngeal endoderm to regulate heart tube elongation, looping, and morphogenesis of the OFT (4) . In addition, crosstalk between endocardium and myocardium occurs to control both the formation of cardiac valves (5) and ventricular cardiomyocyte differentiation and proliferation (6) .
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Developmental SHP2 dysfunction underlies cardiac hypertrophy in Noonan syndrome with multiple lentigines SHP2 Y279C and SHP2 T468M mutants promote a hypertrophic phenotype in cardiomyocytes through impaired GAB1 dephosphorylation, leading to increased PI3K/AKT activity (35) . Furthermore, we showed previously that hearts from an NSML mouse model using a knockin of the Y279C Ptpn11 allele (Shp2 Y279C/+ mice, also called Ptpn11 Y279C/+ mice) have elevated PI3K/mTOR activity and that rapamycin-mediated mTOR inhibition both prevents and reverses adult-onset HCM (28) . Transgenic overexpression of the NSML mutant SHP2 Q510E specifically in cardiomyocytes confirms that AKT/mTOR activity is a driver of NSML-associated HCM (29) . However, in that study, HCM was observed only when the transgene was expressed under the control of a developmental cardiomyocyte-specific promoter Myh7 (β-myosin heavy chain [β-MHC]); no phenotype was observed with the α-MHC promoter, which is expressed postnatally in the ventricles, suggesting that adult-onset NSML-associated HCM is triggered by developmental events affecting cardiomyocytes. Whether other cardiac cell lineages are involved in NSML-associated developmental defects and/or HCM remains unknown.
In this regard, upregulation of the RAS/ERK pathway in the endocardium was previously shown to be responsible for most of the cardiac defects in NS; however, since NS-causing PTPN11 mutations are not associated with HCM (17) and the biochemical properties of NS-and NSML-associated SHP2 mutations are opposing, it is likely that the mechanistic role for NSML in cardiac development is distinct. To determine whether NSML-associated HCM stems from aberrant cardiac developmental events, we utilized the Shp2 Y279C/+ mouse model. Our findings are the first, to our knowledge, to indicate that SHP2 NSML-causing mutations have both cell-autonomous and nonautonomous effects on the heart, leading to developmental defects and adult-onset HCM. Mechanistically, we found that an increased activation of AKT in NSML embryos and the associated decreases in downstream FOXP1/ FGF and NOTCH1/EPHB2 signaling mediate these effects by perturbing the pathways necessary for reciprocal crosstalk between developing endocardium and myocardium.
Results
Homozygous NSML mice are viable and develop early onset cardiac hypertrophy. Shp2 deletion results in completely penetrant embryonic lethality during midgestation, with defects in patterning observed at gastrulation (36); therefore, Ptpn11 phosphatase activity was thought to be required for survival. However, despite having only minimal levels of SHP2 phosphatase activity ( Figure 1A ), mice born with homozygous expression of NSML (Shp2 Y279C/Y279C ) were viable, albeit at reduced Mendelian ratios (Supplemental Table 1 ). These data provocatively suggest that non-phosphatase-mediated functions of SHP2 are critical regulators of early embryonic development. Phenotypically, adult Shp2 Y279C/+ and Shp2 Y279C/Y279C mice showed gene dosage-dependent inhibition of growth and exaggerated craniofacial abnormalities ( Figure 1B ) as compared with WT Shp2 +/+ mice. Interestingly, bone structure to body length ratios were disproportionate in NSML mice, as tibia lengths in Shp2 Y279C/+ and Shp2 Y279C/Y279C mice were similar to those in Shp2 +/+ mice, despite gene dosage-dependent decreases in both body lengths and body weights (ref. 28 , Figure 1B , and Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/ FOXP1 and NOTCH1 expression in the endocardium lead to paracrine production of FGFs, BMPs, and neuregulin to induce trabeculation, myocardial proliferation, and differentiation (7, 9) . Importantly, aberrant regulation of these critical pathways leads to developmental cardiac defects. For example, NOTCH pathway mutations have been causally linked to dysmorphic pulmonic valve, hypertrophy, and ventricular septal defect (VSD) (10, 11) . Similarly, Foxp1 -/embryos develop severe defects in OFT and cardiac cushion formation, have thin ventricular myocardial walls, and lack proper ventricular septation, leading to embryonic death at E14.5 (12) . Whether aberrant regulation of these pathways is involved in mediating developmental signaling events that induce myocardial hypertrophy, however, remains unknown.
One nonsarcomeric signaling protein whose aberrant regulation is involved in CHD-associated cardiac hypertrophy is the ubiquitously expressed SH2 domain-containing protein tyrosine phosphatase (PTP) SHP2, encoded by the PTPN11 gene. Germline mutations in PTPN11 cause more than 45% of incidences of Noonan syndrome (NS) (OMIM 163950) (13) and virtually all NS with multiple lentigines (NSML) (called LEOPARD syndrome; OMIM 151100) (14) , both of which belong to a group of collective disorders called RASopathies. Despite the fact that NS and NSML are allelic variant disorders that present with similar phenotypes, including cutaneous-cardio-craniofacial defects and retardation of growth, they display distinct spectra of cardiac involvement. NSML principally presents with HCM, the major morbidity-associated feature of the disorder (15, 16) , but patients can also have valve defects, electrocardiographic conduction abnormalities, and rarely, pulmonic stenosis (14) . In contrast, NS-causing PTPN11 mutations are rarely associated with HCM, and patients present more frequently with pulmonic stenosis and valvuloseptal defects (17) .
Crystal structure analysis and computational modeling have provided mechanistic insights regarding the consequences of SHP2 mutations (18, 19) . Normally, SHP2 phosphatase activity is regulated by an intramolecular conformational switch that oscillates between a closed and open conformation upon binding to phosphotyrosyl-containing proteins. Both NSML and NS mutations facilitate the open conformation and lead to enhanced interaction of SHP2 with binding partners, including cell membrane receptors and scaffolding adapters (20) . However, whereas NS mutations are gain of function (GOF) and potentiate SHP2 phosphatase activity (21) (22) (23) (24) (25) (26) , all NSML mutations identified so far affect conserved residues important for PTP catalysis and are loss of function (LOF) for the phosphatase activity (20, (27) (28) (29) (30) .
SHP2 plays a key role in RAS/ERK activation in most, if not all, tyrosine kinase, cytokine, G protein-coupled receptors, and integrin-mediated signaling pathways (31) . However, SHP2 is also involved in PI3K/AKT signaling, although its role depends on the type of receptor tyrosine kinase implicated. For example, in PDGFR and IGF receptor (IGFR) signaling, SHP2 is required for PI3K activation, likely through an adaptor-like activity of its SH2 domains (32) . In contrast, in EGF receptor (EGFR) signaling, SHP2 negatively regulates PI3K activity by dephosphorylating PI3K-binding sites on Grb2-associated binding protein 1 (GAB1) (33) and insulin receptor substrate (IRS1) (34) .
Dysregulation of the PI3K/AKT pathway has been causally linked to the cardiac pathophysiology of NSML. In vitro, jci.org Volume 126 Number 8 August 2016 Table 2 ). Indeed, while we noted a significant number of deaths (~30%) in the Shp2 Y279C/+ mice by 52 weeks (28), we observed an accelerated death rate in homozygous mice, with approximately 50% of the Shp2 Y279C/Y279C mice dying between 8 and 12 months of age (data not shown). Together, these data suggest that the severity of the NSML phenotype is gene dosage dependent and that the phosphatase function of SHP2 may be dispensable during early embryonic development.
Homozygous expression of NSML leads to partial embryonic lethality and multiple cardiac defects involving endocardium and myocardium. To further investigate the reduced Mendelian ratio of Shp2 Y279C/Y279C mice, we conducted a retrograde timed mating analysis, which revealed that an embryonic lethality event occurs between E14.5 and E15.5 (Supplemental Table 1 ). At this stage, Shp2 Y279C/Y279C embryos were phenotypically smaller, some with significant hydrops (Figure 2A ). To determine whether the lethality in NSML mice might stem from abnormal placental development, we isolated and analyzed the placentae from developing JCI80396DS1). In line with the NSML phenotype, 12-week-old Shp2 Y279C/+ and Shp2 Y279C/Y279C mice also had thickened hearts with enlarged nuclei and increased interstitial spacing, increased heartto-body weight ratios, and enlarged cardiomyocyte areas, as compared with Shp2 +/+ mice (Figure 1 , C-E). No changes in lung weight (Supplemental Figure 1B) or in fibrosis or collagen deposition were noted at this age in NSML mice ( Figure 1 , C and F). Consistent with the enlarged heart phenotype, individual cardiomyocytes isolated from Shp2 Y279C/+ and Shp2 Y279C/Y279C mice were also larger, with significantly increased widths and lengths, as compared with Shp2 +/+ cells (Supplemental Figure 2 , A and B). Moreover, we observed mRNA expression level shifts from the adult α-MHC isoform to the fetal β-MHC isoform in NSML hearts, demonstrating an induction of the fetal gene program in response to pathological hypertrophy in these mice (Supplemental Figure 2C ). Functionally, echocardiography revealed a gene dosage-dependent hypertrophic phenotype in NSML mice, with reduced left ventricular chamber dimension (LVDd) and increased left ventricular posterior wall thickness (LVPWth) at 12 weeks in Shp2 Y279C/+ mice and as early as 6 weeks Indeed, and in approximately 10% of Shp2 Y279C/Y279C embryos, these defects appeared to be severe enough to result in relative dextrapositioning of the aorta ( Figure 2C ). In addition, both Shp2 Y279C/+ and Shp2 Y279C/Y279C hearts showed VSD, as indicated by a lack of fusion between the ventricular septum and the atrio-ventricular cushions (AVC) ( Figure 2C ). Interestingly, while the VSD persisted in homozygous embryos, it resolved by E15.5 in heterozygous mice (data not shown), suggesting that this phenotype may be caused by developmental delay due to the LOF activity of SHP2 in NSML. We also observed that Shp2 Y279C/+ and Shp2 Y279C/Y279C embryos had dosage-dependent enlarged and amorphic pulmonary and mitral valve leaflets, with significantly increased valve volumes, as compared with Shp2 +/+ embryos (Figure 3 , A-C). In addition, we noted defective cardiac chamber maturation in E14.5 Shp2 Y279C/+ Shp2 +/+ , Shp2 Y279C/+ , and Shp2 Y279C/Y279C embryos. We observed no gross placental or umbilical vascular anomalies and found a normal histological appearance of the villous trophoblast (VT) and trophoblast giant cell (TGC) layers of the placenta. There was no evidence of decidual abnormalities at the maternal interface, no hemorrhaging, and no abruption in any of the mouse genotypes, suggesting that the lethality in Shp2 Y279C/Y279C mice was unlikely to be a consequence of abnormal placental development (Supplemental Figure 4 ). Therefore, we next analyzed NSML embryos to determine the effects of the mutation on heart development. Shp2 Y279C/+ and Shp2 Y279C/Y279C embryos displayed initial evidence of cardiac looping and septal alignment defects at E14.5, with the appearance of abnormal curvature and aberrant relative positioning of the developing aorta and pulmonary artery ( Figure 2B ). and Shp2 Y279C/Y279C embryos ( Figure 3D ) and a significant decrease in ventricular wall thickness ( Figure 3E ), suggesting a preclinical abnormality associated with HCM and a possible cause of cardiac failure and intrauterine demise in the Shp2 Y279C/Y279C embryos. Because ventricular trabeculation and myocardial compaction are 2 essential steps necessary for a fully functional and competent ventricular wall, we investigated whether NSML mutations affected initiation of trabeculation. Normally, at E10.5, the myocardium begins to thicken, mediating endocardial cell invagination and formation of trabecular protrusions (6) . Here, we found that the trabecular area for both Shp2 Y279C/+ and Shp2 Y279C/Y279C embryos was significantly decreased as compared with WT ( Figure 3 , D and F), suggesting a defect in onset of myocardial development.
Lineage-specific expression of NSML reveals that SHP2 affects cardiac development primarily through its effects on endocardium. Given that NSML mutations affect both cardiac cushions and ventricular development, we investigated whether the source of the defects stemmed from cell-autonomous or nonautonomous effects of NSML. We crossed inducible NSML mice (Shp2 inY279C/+ ) (28) to tissue-specific Cre-expressing lines to generate heterozygous NSML expression in neural crest (Wnt1-Cre) (37), endothelium (Tie2-Cre) (38) , and myocardium (Nkx2.5-Cre and cTnT-Cre) (39, 40) . Despite the fact that adult NSML hearts are associated with myocardial defects (28), we found that nearly all developmental Shp2 Y279C/+ cardiac phenotypes were recapitulated by endothelialspecific expression of NSML alone ( Figure 4A ). Indeed, morphometric analysis of endocardial cushion volumes revealed that Tie2-Cre Shp2 Y279C/+ AVC cushions, like those of Shp2 Y279C/+ , were larger than those of WT ( Figure 4B ). However, no significant differences were observed in OFT cushion volumes at this stage (data not shown). To assess the effects of NSML mutants on cushion volumes at later developmental stages, we also evaluated P1 neonatal mice. While differences in aortic, pulmonary, mitral, or tricuspid valve volumes in the heterozygous NSML mice appeared to have been resolved by this stage, the homozygous NSML hearts still had significantly enlarged mitral valve volumes (Supplemental Figure 5 ), suggesting that NSML mutant effects on cushion volumes are likely gene dosage dependent and, for the most part, resolved over time. To support this observation, we conducted aortic regurgitation, insufficiency, and dilation analyses in adult NSML mutant mice. Most of the animals (including WT) had a trace of aortic insufficiency (minor aortic regurgitation or leaking of the aortic valve), which was not of significant consequence. Indeed, the degree of aortic insufficiency seen was minimal and did not account for the cardiac malfunction seen in the NSML mutants. We checked to see if there was aortic dilation as well, which may be associated with an enlarged annulus and aortic regurgitation due to inadequate coaptation of the leaflets, but we did not see a difference between the WT and NSML mutants here. Only one animal had a mild mitral valve regurgitation (Shp2 Y279C/+ ), but the rest of the animals had normal mitral valve leaflets (Supplemental Table 3 ).
In addition, we found that myocardium was also affected by differential NSML expression. The Tie2-Cre Shp2 Y279C/+ embryos had decreased myocardial trabeculation and thinning of the myocardial compact zone, similar to Shp2 Y279C/+ mice ( Figure 4 , A and C). Moreover, cTnT-Cre Shp2 Y279C/+ , but not Nkx2.5-Cre Shp2 Y279C/+ myocardial-expressing mice showed decreased wall thickness ( Figure 4C ), suggesting that a partial cell-autonomous contribution to the NSML phenotype may arise from abnormal signals in the myocardium. In further support of this notion, while we did not observe VSD in Tie2-Cre Shp2 Y279C/+ embryos, this phenotype was apparent in approximately 30% of Nkx2.5-Cre Shp2 Y279C/+ and 65% of cTnT-Cre Shp2 Y279C/+ embryonic hearts ( Figure 4A ), suggesting that the delay in septal closure may be attributable to a cell-autonomous myocardial defect of the NSML mutation. Notably, the more subtle effects of the cell-autonomous contribution to the phenotype by the Nkx2.5 Cre Shp2 Y279C/+ can be attributed to a haploinsufficiency of the Nkx2.5 gene in myocardium (39) . Finally, we also conducted histological analyses in Wnt1-Cre Shp2 Y279C/+ embryos; here, we saw no obvious cardiac defects ( Figure 4A ), despite the presence of craniofacial and skeletal abnormalities of the mice (data not shown), suggesting that LOF of SHP2 phosphatase activity in neural crest does not play a central role in the developing NSML cardiac phenotype. Taken together, our data reveal that NSML mutations of SHP2 affect cardiac development principally through effects on endocardium, although a partial contribution from myocardium is also involved.
Endocardial-specific expression of NSML is sufficient to induce adult-onset cardiac hypertrophy. Given that we recapitulated the majority of the developmental cardiac defects observed in Shp2 Y279C/+ embryos with endocardial-specific expression of NSML alone, we asked whether these mice could also develop adult-onset HCM. Indeed, 16-week-old Tie2-Cre Shp2 Y279C/+ adult mouse hearts were bigger ( Figure 5A) , with increased heartto-body weight ratios ( Figure 5B ) and enlarged cardiomyocyte cross-sectional area ( Figure 5C ), compared with Shp2 +/+ hearts. Individual isolated cardiomyocytes from Tie2-Cre Shp2 Y279C/+ mice were also larger, with significantly increased width, but not length (Supplemental Figure 2, A and B) . We also observed a shift in mRNA expression levels from the adult Myh6 Table 2 ). Remarkably Nkx2.5-Cre Shp2 Y279C/+ mice also developed a partial adult-onset cardiac hypertrophy ( Figure  5 ), likely due to the fact that Nkx2.5 is expressed in both developing myocardium and endocardium (41) . Indeed, we observed no effects on LVPWth or LVDd in the cTnT-Cre Shp2 Y279C/+ mice, suggesting that NSML-associated cell-autonomous defects in development do not contribute to the adult-onset NSML hypertrophy phenotype. No effects on hypertrophy were observed in neural crest-specific NSML-expressing mice, consistent with the absence of any developmental defects in this lineage ( Figure 5 ). Taken together, these data confirm that, despite a partial cellautonomous myocardial involvement in the overall NSML phenotype during development, the cardiac hypertrophy in NSML is mediated by aberrant endocardial signaling and, therefore, NSML mutations likely perturb endocardial-to-myocardial crosstalk during development.
NSML mutant expression affects both apoptosis and proliferation in the developing heart. To investigate a developmental mechanism for the endothelial contribution to the adult NSML hypertrophy phenotype, we measured proliferation and apoptosis in Shp2 +/+ , Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ endocardial cushions at E14.5. While proliferation significantly increased in all of the NSML genotypes, we observed a concomitant and significant decrease in apoptosis in Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ cushions ( Figure 6 , A-C), likely explaining the enlarged valvular size in NSML and endothelial-specific expressing NSML developing hearts (Figure 3 , A-C, and Figure 4B ). In contrast, both myocardial proliferation and apoptosis were significantly decreased in Shp2 Y279C/Y279C , but not Shp2 Y279C/+ and Tie2-Cre Shp2 Y279C/+ , E14.5 hearts ( Figure 6 , D-F), likely due to NSML gene dosage-dependent effects of this lineage on the phenotype. Specifically, apoptosis was reduced in both compact and trabecular areas (Supplemental Figure 6A) , whereas proliferation was principally affected only in the compact myocardium of this NSML mutant (Supplemental Figure 6B) .
NSML leads to downregulation of FOXP1 and NOTCH1 expression. Previously, it was shown that inactivation of Foxp1 induced an embryonic phenotype similar to that observed in NSML-expressing mice, with defects in OFT septation, endocardial cushion development, cardiomyocyte proliferation and maturation, and ventricular septation, leading to midgestation lethality (12) . Similarly, NOTCH1 mutants also show impaired trabeculation (42), valve morphogenesis (8) , and OFT generation (7) . Importantly, both FOXP1 and NOTCH1 regulate intercellular signaling events between the endocardium and the myocardium, either at the level of valve formation and/or myocardial differentiation. Consistently, our data showed that Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ hearts had significantly decreased FOXP1 expression in both valves and myocardium ( Figure 7A and Supplemental Figure 7 ). In addition, FOXP1 transcriptionally repressed genes SOX17, SOX18, and p21 (9) were upregulated, whereas expression of TGFβ2, an upstream regulator of FOXP1 transcription, was reduced in Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ hearts at E14.5 ( Figure 7B ), confirming downregulation of FOXP1 expression and activity. Surprisingly, no decreases in FGF9 or FGF16 in Shp2 Y279C/+ , Shp2 Y279C/Y279C , or Tie2-Cre Shp2 Y279C/+ hearts were detected, suggesting that there may be a feedback mechanism regulating FGF expression in response to disrupted endocardium-myocardium crosstalk in these mice.
Valve-specific NOTCH1 expression was also significantly affected in NSML; Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ hearts had significantly decreased NOTCH1 protein jci.org Volume 126
Number 8 August 2016
were also downregulated in NSML ( Figure 8B ). These data indicate that NSML mutations play a central role upstream of FOXP1 and NOTCH1 in perturbing normal cardiac development. Interestingly, at E10.5, only FGF16 was significantly reduced in Shp2 Y279C/+ , Shp2 Y279C/Y279C , and Tie2-Cre Shp2 Y279C/+ embryo hearts (Supplemental Figure 8 ). Fgf16 null hearts were previously shown to have ventricular wall thinning and poor trabeculation (43), both of which were apparent in NSML embryos at E10.5. No expression in valves, while no changes were observed in myocardium ( Figure 8A and Supplemental Figure 7) . Interestingly, Notch1 mRNA expression levels were also significantly decreased, but only in Shp2 Y279C/Y279C and Tie2-Cre Shp2 Y279C/+ hearts ( Figure 8B) , likely a reflection of the dosage-dependent effects of NSML mutations and the requirement for NOTCH1 activity specifically in endocardium. NOTCH1 transcriptionally activated targets HEY2 and PROX1, as well as further downstream targets BMP10, EPHB2, and NRG1, hearts ( Figure 9B ). We confirmed NFAT activation by assessing its nuclear localization, indicative of transcriptional activation, and found it to be increased in all NSML mutant genotypes ( Figure  9C ). Together, these data indicate that, in addition to decreased NOTCH1 and FOXP1, NSML mutations also induce NFAT activation to mediate hypertrophy.
Discussion
The molecular mechanisms regulating cardiac development and morphogenesis are dependent on crosstalk between multiple cell lineages, the aberrant regulation of which can induce the onset of CHD and phenotypes such as HCM. Here, using our SHP2 knockin mouse model (Shp2 Y279C/+ ), we sought to determine whether NSML-associated HCM stems from aberrant cardiac developmental processes. Our data show that embryonic NSML hearts had diminished trabeculation and valvular hyperplasia, defects recapitulated in endocardial-specific, but not myocardial-specific or neural crest-specific NSML mice. Indeed, endocardial-specific expression of NSML was sufficient to induce adult-onset cardiac bations during development. Indeed, analysis of embryonic hearts at E14.5 revealed a gene dosage-dependent increase in AKT phosphorylation ( Figure 9A) , consistent with the observed decrease in FOXP1 and NOTCH1.
Interestingly, it has been demonstrated that overexpression of AKT increases nuclear localization of NFATc1 in osteoclastogenesis (44) , suggesting that increased AKT activity can induce activation of NFAT-associated HCM gene transcription. Moreover, FOXP1 plays a dichotomous role with NFAT in the transcriptional regulation of HCM; decreased FOXP1 leads to decreased expression of genes required to maintain normal heart function and to increased activity of NFAT, which induces HCM-associated genes (45) . Therefore, imbalance toward increased NFAT activity, either by increased AKT activity and/or decreased FOXP1 expression, leads to upregulation of genes that mediate cardiomyocyte hypertrophy (45) . We assessed NFAT activity in NSML embryos by measuring its phosphorylation, indicative of nuclear exclusion and inactivity, and observed a similarly significant gene dosage-dependent decrease in phosphorylated NFAT in NSML asymmetry. Specifically, in zebrafish, NS and NSML mutations of SHP2 resulted in defective leftward heart displacement and randomization of LR asymmetry markers (47) . Similarly, in xenopus, NS SHP2 mutants showed smaller hearts that failed to undergo complete looping, with improper chamber formation and delayed morphogenic movements mediated by defective cardiac actin fibers and F-actin deposition (48) . Together, these studies suggest that SHP2 is fundamental to cardiac looping, the failure of which might be responsible for the alignment defects and VSD phenotypes we observe in our NSML mouse model. Given that we showed a variably penetrant alignment defect affecting the aorta in our NSML mouse model and that mice with neural crest-specific deletion of SHP2 previously demonstrated cardiac defects, including persistent truncus arteriosus and anomalies of aortic arch (49) , we expected a similar phenotype in the neural crest-expressing NSML mice. However, despite abnormal craniofacial effects indicative of neural crest origins, we did not observe any obvious aberrant cardiac phenotypes, suggesting that LOF of SHP2 activity does not affect neural crest-derived development of the heart. Similarly, murine neural crest-specific expression of NS does not give a cardiac phenotype (50) . Indeed, hypertrophy. In addition, NSML embryos developed VSDs, a phenotype reproduced only in myocardial-specific NSML hearts. Interestingly, myocardial-specific NSML developmental defects resolved and were likely a consequence of developmental delay due to abnormal communication between endocardium and myocardium, particularly as these lineage-specific mice did not develop adult-onset HCM. Therefore, our results demonstrate what we believe to be a novel role for SHP2 in regulating both cell-autonomous and nonautonomous effects in the developing heart through regulation of the pathways that control endocardial-to-myocardial crosstalk (Figure 10 ).
Alignment and ventricular septal wall defects can result from abnormal looping and/or remodeling of the primitive heart tube into a multi-chambered, fully functional heart. Indeed, proper positioning of internal organs, and consequent partitioning of the heart and connection to the vasculature, is dependent on multiple signals establishing left-right (LR) organ asymmetry. Perturbations of LR patterning, leading to minor situs defects, are thought to be responsible for many aspects of CHD (46) . Recently, work on both zebrafish and xenopus embryo models expressing SHP2 mutants demonstrated that SHP2 plays an important role in LR mediated activation of SMAD1/5/8 in the AVC and OFT (52) . In contrast, GOF of SHP2 in NS, which also leads to increased valve size, facilitates EndoMT during valvulogenesis through upregulation of ERK signaling (50) . The importance of ERK activity in mediating abnormal valve development in NS was further demonstrated when transgenic SHP2 Q79R mice were crossed to homozygous ERK1 deleted mice, rescuing the endocardial cushion defects (53) . Interestingly, and despite the fact that the cardiac defects in NS mice (50) , as in our NSML model herein, are recapitulated by endocardial-specific expression of the mutant, our data indicate that the causal signaling mechanisms responsible for the NSML phenotypes differ from those found in NS. Specifically, the LOF NSML mutations in SHP2 increase valve size, cause myocardial thinning, and induce VSD through aberrant endocardial-to-myocardial crosstalk mediated by increased AKT, not ERK, signaling. Indeed, our data indicate that the aberrant AKT activity in NSML embryos also mediates decreased downstream signaling of FOXP1/FGF and NOTCH1/EPHB2, 2 pathways necessary for reciprocal crosstalk between developing endocardium and myocardium. Previously, it was demonstrated that NOTCH1 is a direct target of p53 in human keratinocytes (54) and epithelial cells (55) . Increasing AKT signaling, which drives MDM2-mediated p53 degradation (56) , may therefore cause decreased NOTCH1 expression in NSML. Indeed, the NOTCH pathway has been identified as a crucial cell-fate regulator in the developing heart, with region-specific endocardial NOTCH activity responsible for the patterning and morphogenesis of cardiac chambers and valves through regulatory interaction with multiple signals, including in myocardium (57) . It has also been shown to regulate cardiomyo-taken together, these data imply that SHP2 contribution to cardiac development by neural crest cell derivatives likely depends on noncatalytic, phosphatase-independent functions of SHP2.
The existence of potential noncatalytic functions of SHP2 might also help explain the major conundrum posed by diseasecausing SHP2 mutations; despite having opposing enzymatic functions, SHP2-associated NS and NSML mutations cause similar disease phenotypes. Here too, we showed that NSML mutations resulted in developmental cardiac defects similar to those previously observed in NS, including thickened valves, variably penetrant atrioventricular septal defects, and myocardial wall thinning (50) . Moreover, we found catalytically inactive NSML mice to be viable, suggesting that noncatalytic functions of the enzyme are at least necessary and sufficient to proceed through development. In this regard, however, we cannot exclude the possibility that the slight, albeit minimal, phosphatase activity in NSML mice is sufficient to overcome the embryonic lethality observed in Shp2deleted mice; determination of the functional and mechanistic consequences for the phosphatase-independent roles of SHP2 are currently underway in our laboratory.
Another possibility for the similar phenotypes in GOF NS and LOF NSML patients is that the SHP2 mutations themselves act on different stages of cardiac development and/or through different signaling pathways. For example, mice bearing an EGFR-hypomorphic allele (wa2/wa2) exhibit semilunar valve enlargement resulting from overabundant mesenchymal cells, a phenotype further enhanced by heterozygous deletion of SHP2 (51) . Likely, this phenotype is a consequence of enhanced endocardial cushion cell proliferation mediated through EGF's ability to inhibit BMP- trophy via cell-autonomous mechanisms driven by AKT signaling. In vitro, deletion of SHP2 in neonatal rat ventricular myocytes (NRVM) leads to increased cardiomyocyte cell size (28) . Similarly, expression of the NSML SHP2 Q510E mutant in NRVM (29) and in P19CL6 cells (59) also resulted in increased cell size. Moreover, in vivo cardiomyocytespecific transgenic overexpression of the SHP2 Q510E NSML mutant using a β-MHC cardiomyocyte promoter led to a severe early onset cardiac hypertrophy mediated by increased AKT/mTOR activity (29) . In addition, our previous work (28) and the data herein support a central role for AKT/mTOR in NSML-associated cardiac hypertrophy, with increased AKT activity observed in both embryo and adult NSML hearts. Further support for a cell-autonomous role for SHP2 in HCM was demonstrated here by the fact that we observed increased NFAT activity in NSML embryos. Overexpression of a constitutively activated NFATc4 mutant under the control of the cardiomyocyte-specific Myh6 (α-MHC) promoter was previously shown to result in cardiac hypertrophy (60) . Moreover, NFATc3-deleted mice demonstrate attenuated responses to diverse hypertrophic stimuli, suggesting that NFAT activation induces the hypertrophic response in myocardium (61) .
While both AKT and NFAT activation in NSML are likely responsible for the cell-autonomous contribution to cardiomyocyte hypertrophy, we found that important non-cell-autonomous mechanisms also exist. Indeed, the most striking observation in our study is the fact that the endocardial-specific expression of NSML alone was sufficient to induce adult-onset cardiac hypertrophy, suggesting that SHP2 regulation of endocardial-to-myocardial crosstalk is essential for cardiac muscle development. Endocardial-to-myocardial crosstalk may involve upregulation of paracrine factors delivered by the endocardium to the myocardium to perturb cardiac homeostasis, factors that may induce growth factor receptor signaling pathways involving SHP2. As an example, it was previously shown that transgenic mice overexpressing related transcriptional enhancer factor-1 (RTEF-1) in an endothelial-specific manner develop significant cardiac hypertrophy after transverse aortic constriction as a result of increased VEGF-B production (62) . While we did not detect an increase in Vegfb mRNA expression in our model (data not shown), we cannot rule out the possibility that other, perhaps more SHP2-dependent, endocardial paracrine factors might be involved in NSML cardiac hypertrophy in this way.
Additionally, our data may suggest a collective mechanism for the developmental delay and the spectrum of observed NSML-cyte proliferation and differentiation during ventricular chamber development and is required for coronary vessel specification (57) .
Similarly, FOXP1 is a direct transcriptional target of Forkhead box transcription factor class O (FOXO) (58) . Here, increasing AKT activity, which induces phosphorylation and inactivation of FOXO, may also be responsible for the decrease in FOXP1 expression in NSML. Alternatively, or in parallel, downregulation of TGF-β, as seen in the NSML mutant hearts, could also be responsible for the decrease in FOXP1 expression. Interestingly, Tie2-mediated endocardial expression of NSML alone was sufficient to reduce both endocardial and myocardial expression of FOXP1 (Figure 7) , further implicating the importance of the integral crosstalk functions between endocardium and myocardium in cardiac development and NSML. While this is likely orchestrated by a panoply of paracrine/autocrine effects, the precise mechanisms and signals for the crosstalk remain unknown. Here, we show that it is a combined aberrant regulation of both NOTCH1 and FOXP1 that likely causes the cardiac developmental phenotypes in NSML. Importantly as well, while our data strongly suggest that the adult HCM phenotype arises from effects of NSML-associated SHP2 expression principally stemming from the developing heart, we cannot exclude the possibility that SHP2 may (also) play a role in adult endothelial and/or myocardial lineages, possibly as a regulator of adult heart homeostasis.
Importantly, several studies have suggested that abnormal regulation of SHP2 can drive adult-onset cardiomyocyte hyper- to identify expression levels of these proteins in valves and myocardium; anti-MF20 (DSHB), an anti-myosin heavy chain antibody, to identify myocytes; p-HH3 (Millipore), an anti-phospho-histone H3 antibody, to identify proliferating cells; or Apoptag Red (Millipore) to identify apoptotic cells. Nuclei were counterstained with Hoechst dye (Molecular Probes). Mitral valves and left ventricular tissue near the apex were used to assess proliferation and apoptosis in endothelium and myocardium, respectively; demarcation of the trabecular and compact zones was assessed by our rodent histopathologist, Roderick Bronson, and Kyu-Ho Lee. Sections were digitally photographed with a Zeiss AxioImager M2 or a Keyence BZ-X710 for cell counting and analysis. Atrioventricular endocardial cushion cells were identified by morphology and MF20 negativity. Images from immunohistochemical sections were taken at the same intensity across all genotypes and were analyzed using Keyence BZ-X Analyzer Software. For adult mice, 12-or 16-week-old adult hearts, as indicated, were flushed with PBS, perfusion fixed in Bouin's reagent, and paraffin embedded. Sections (5 μm) were stained with H&E, Masson-trichrome, collagen, or reticulin at the Rodent Histopathology Core by Roderick Bronson. Body weights, dry heart and lung weights, and tibia lengths were assessed upon sacrifice of the animals. Cardiomyocyte cross-sectional areas, with centrally located nuclei to ensure the same plane of sectioning, were measured using ImageJ. From 200 to 500 cells were measured for each genotype. Perivascular and interstitial cardiac fibrosis measurements were assessed by the Keyence Analyzer software; similar sections were imaged and measured per genotype at ×40.
Quantitative real-time PCR. RNA was isolated from whole hearts using the RNeasy Mini Kit (QIAGEN). Quantitative real-time PCR was performed with SYBR Green (Applied Biosystems) using an Applied Biosystems 7900 Real-Time PCR System. Gene expression analyses for the indicated genes were carried out according to the manufacturer's instructions. Primer sequences and conditions are provided in Supplemental Table 4 . Each measurement was obtained using 6 embryos per genotype for E14.5 and 3 embryos per genotype for E10.5, and each sample was measured in triplicate. Data were quantified using the comparative CT method, with TBP and RPL13 expression levels serving as controls.
Echocardiography. Transthoracic echocardiography was conducted on nonanesthetized animals as described previously (28) with a 13-MHz probe (Vivid 7, GE Medical Systems) or VisualSonics Vevo 770 high-frequency ultrasound rodent imaging system. GE Medical Systems or VisualSonics Vevo 770 software was used for data acquisition and subsequent analysis. Hearts were imaged in the 2D parasternal short-axis view, and an M-mode echocardiogram of the midventricular region was recorded at the level of the papillary muscles. Calculations of cardiac anatomic and functional parameters were carried out as described previously (28) .
Aortic regurgitation, dilation, and insufficiency measures. A highfrequency ultrasound scanner (VisualSonics Vevo 2100) with a 50-MHz transducer (VisualSonics MS550S) was used to assess aortic regurgitation, dilation, and insufficiency, as previously described (65) . Briefly, following isoflurane anesthesia (1% in oxygen) via a mask, color-and pulse wave-Doppler flow spectra were recorded at the aortic valve leaflets. Doppler spectra acquisition and analysis were performed in a genotype-blinded manner by Saumya Das (cardiologist) and Federico Damilano (molecular biologist with expertise in mouse aortic regurgitation). associated abnormalities, with early embryonic developmental defects driving adult cardiac hypertrophy. The early demise of a large proportion of Shp2 Y279C/Y279C embryos and the associated decrease in ventricular wall thickness in both Shp2 Y279C/+ and Shp2 Y279C/Y279C embryonic hearts may be due to decreased early myocyte proliferation and cardiac insufficiency, while abnormal survival and retention of embryonic precursor myocytes might later contribute to hypertrophic cardiac growth in survivors. Indeed, the diminished embryonic wall thickness, as a consequence of perturbed endocardial-to-myocardial crosstalk, might increase the work load on the heart wall and therefore, by compensatory mechanisms, result in cardiac hypertrophy. Interestingly, developmental valve defects can also lead to cardiac hypertrophy, likely through effects on ventricular work load. For example, endothelial-specific deletion of ADAM17 or HB-EGF results in aberrant compartmentalization of versican and increased deposition of collagen in semilunar valves, affecting valvular maturation and increasing the size of valves. Moreover, these defects are associated with decreased postnatal viability, progressive cardiomegaly, and systolic dysfunction (63, 64) .
Taken together, our data suggest that NSML mutations induce AKT hyperactivation during cardiac embryonic development, perturbing the expression of essential genes involved in the reciprocal crosstalk between endocardium and myocardium, thereby inducing HCM through downregulation of FOXP1 and NOTCH1 signaling pathways and upregulation of NFAT activity ( Figure 10 ).
Methods
Mice. Shp2 inY279C/+ and Shp2 Y279C/+ mice were described previously (28) , and are now available from The Jackson Laboratory (stock no. 026759).
Here, timed matings of heterozygous Shp2 Y279C/+ males and females were conducted, and the date of observation of a vaginal plug was set as E0.5 by convention. For tissue-specific expression of the NSML allele, males carrying the Cre recombinase under the control of a tissue-specific promoter were crossed to female Shp2 inY279C/+ mice. Tie2-Cre (stock no. 004128) and Wnt1-Cre (stock no. 022501) mice were obtained from The Jackson laboratory. Nkx2.5-Cre mice were provided by Robert J. Schwartz (University of Houston, Houston, Texas, USA). cTNT-Cre mice were provided by William T. Pu (Children's Hospital Boston, Boston, Massachusetts, USA). Only male progeny were used for the experiments herein, and all mice were maintained on outbred C57BL6/J backgrounds, backcrossed for more than 10 generations.
Histology. Following maternal sacrifice, placentae, embryos at the indicated stages (E10.5 or E14.5) or neonates (P1) were retrieved and dissected in ice-cold PBS, fixed in Bouin's reagent for morphometric analyses or in 4% PFA for immunohistochemical staining, and paraffin embedded. For morphometric analyses, serial sections through the entire placenta or heart (5 μm) were stained with H&E. Endocardial cushion volumes, total volumes of trabecular sheets relative to ventricular volumes, and ventricular wall thicknesses were measured by quantifying the volumes or thicknesses from each embryonic section using ImageJ 1.41 software (NIH) and then adding the individual values together to reconstruct the tissue. For immunohistochemical staining, following antigen retrieval with heat treatment in unmasking solution (Vector Laboratories), sections from E14.5 embryo hearts were stained with anti-FOXP1 (Cell Signaling Technology), anti-NOTCH1 (Cell Signaling Technology), and anti-NFAT (Santa Cruz Biotechnology Inc.) 3 0 0 3 jci.org Volume 126 Number 8 August 2016
trifugation, boiled in 2× SDS-sample buffer, resolved by SDS-PAGE, and immunoblotted with polyclonal SHP2 antibodies (Santa Cruz Biotechnology Inc.) to ensure that equal amounts of SHP2 had been tested for phosphatase activity.
Statistics. All data are expressed as mean ± SEM. Statistical significance was determined using 2-tailed Student's t test or 1-way ANOVA, as appropriate. If ANOVA was significant, individual differences were evaluated using Bonferroni's post-test. For all studies, values of P < 0.05 were considered statistically significant.
Study approval. All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals (National Academies Press. 2011.) and approved by the Institutional Animal Care and Use Committee at Beth Israel Deaconess Medical Center.
